Numerical and Experimental Performance Evaluation of a Polymer Direct Solar Irradiation Collector  by Rodriguez, J. & Suarez, C.
 Energy Procedia  57 ( 2014 )  2195– 2204 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
doi: 10.1016/j.egypro.2014.10.186 
2013 ISES Solar World Congress 
Numerical and Experimental Performance Evaluation of a 
Polymer Direct Solar Irradiation Collector 
J. Rodrigueza*, C. Suareza† 
aRDZ Renewables, Technology Park, Queretaro 76150o, Mexico 
Abstract 
With the objective of reducing costs and proliferating use, a special Direct Solar Irradiation Collector 
(DSIC) solar water heater was developed. To produce a commercially feasible product, a full research and 
development program was conducted that included several generations of prototypes and 
 a range of design criteria such as material selection, manufacturing processes, economics, and materials 
availability. The result was a Parallel Plate type collector made out of polymers which is designed for 
temperate weather and low pressure household-use. It is able to achieve similar efficiencies and 
performance than commercial water heaters while cutting its cost by half. The present study introduces 
the concept and includes numerical and experimental results made on a scaled prototype. The numerical 
analysis compares the pressure-drop across 3 collectors. The pressure-drop is better by almost a factor of 
4 when comparing the DSIC and a Parallel Tubes type collector. Performance tests were conducted 
outdoors to measure the temperature and solar irradiation as a function of time. Different ratios between 
collection area and water volume were tested. Temperature was measured simultaneously at different 
locations to observe the thermal gradient along the collector and water tank. Maximum temperature of 
95°C and max efficiencies on the range of 84-92% were achieved by the DSIC collector. 
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1. Introduction 
Given its geographical location Mexico has excellent solar resources, with an average irradiation of 
5kWh/m2 per day. Within such a context, Solar Thermal Energy is one of the most cost effective forms of 
renewable energy achieving a return of the investment in only 2-3 years. Commercial water heaters are 
expected to operate for 20 years and generate saving for an average family around $80-120 thousand 
(MXN). The annual water heating demand (low temperature applications such as household, hotels, 
hospitals, and agribusiness) has been calculated in 230 PJoules that is, the annual potential market in 
square meters is 2 million of solar collectors [1]. Nevertheless, solar water heaters in Mexico account 
only for the 1.3 % of the demand. The reason is nothing else than the initial investment required for the 
acquisition of the product. 
 
The Direct Solar Irradiation Collector (DSIC) is a development made with the objective to make Solar 
Water Heaters accessible for vast majority of people by reducing the amount of the required investment 
for its acquisition. Most of the houses in Mexico use low pressurized water provided by the height of a 
water tank located at the ceiling. The present work has been developed in Mexico and then, has been 
designed to operate at temperate weather and low pressure applications. A future version of this concept 
will operate in more extreme weathers and with higher pressures.  
 
Since polymers are usually less expensive than metals, and also polymer manufacturing less expensive 
than metal manufacturing, it has become attractive to explore ways for using polymers in a variety of 
applications, including heat exchangers. Nevertheless a few inherent difficulties rise from their properties, 
such as low strength, low operating temperatures, and low thermal conductivity [2].  
Multiple attempts to use polymer water heaters have been carried out, however their efficiency and 
overall performance is still moderate to low [3, 4, 5] and then they have not been able to have a large 
market penetration.  
Evaluation of solar collector types comparing Parallel Plate vs. Parallel Tubes and Serpentine tube 
collector was made by Matrawy and Farkas showing greater efficiency for the parallel plate in 6-10% [6].  
Some other experimental Thermal analysis have been performed by Mosen et. al. and Shi et. al.  [7, 8]. 
The present work introduces a parallel plate type solar collector which does not require high conducting 
material, and then makes able to use polymer as row material.  
 
Nomenclature 
 
DSIC Direct Irradiation Solar Collector  
A  Collecting area 
η Efficiency 
I Solar Irradiance 
V Water Volume 
T Temperature 
t Time 
C Water Specific Heat Capacity 
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2. Description of the device 
The Direct Solar Irradiation Collector (DSIC) was conceived as a collector to be used for solar water 
heating which design enables the use of non-conductive materials while keeping high performance and 
efficiencies. As described by its name, the sun hits directly into the water, and then, no high thermal-
conductive material is needed. The support is also built out of plastic and provides thermal insulation and 
support both at once reducing the number of components. Choosing polymers and copolymers instead 
cooper, aluminum and glass, along with a simple and fast manufacturing process, has permitted decrease 
significantly the cost of the solar collector. Details about its construction are not provided due to 
intellectual property issues; nevertheless performance results and general description of the device are 
included in this study. 
A full research and development has already been conducted including numerical simulations (CFD, 
FEA), sample tests, Prototypes I (mock-up prototypes), Prototypes II (scaled soft tooling prototypes), and 
Prototypes III (full size prototypes). We present here the performance of the Prototype II. 
 
 
Fig. 1. Full Size Mock-up prototype. 
   
Fig. 2. (left & center) Scaled Soft Tooling Prototype; (right) Full Size version. 
2.1. Test Description 
The prototype is a scaled version with an effective collection area of 0.1935m2. It presents geometries 
which facilitates flow through it, and that were manufactured with soft-tooling. In order to scale down the 
full size sample and maintaining using the same fluid geometry was modified in order to minimize 
viscous impact [9]. It was chosen to maintain water as the working fluid especially because of their 
thermal properties, even though some geometry compensations were needed to prevent a disproportional 
increase of the viscous forces. Those geometry differences between the full size and scaled version are 
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thought to have slight impact on the pressure-drop test results, and almost null impact on the performance 
test, therefore the results are thought to be representative from the full size version. Within the tests a 
thermo-tank was needed and then a quick mock-up version was used. The prototype was tested with 
different volumes of water in order to observe the performance under different situations. The following 
volumes of water were tested with the same collector: 20.2, 12.9, and 1.4 litters.  
The prototype was placed outdoors free of shadows and oriented North-South facing South with at 25° 
with respect to the floor.  The test location was Queretaro, Mexico with coordinates N20.6, E-100.4, and 
elevation of 1,929m. During the first test, radiation was measured on site with a Meteorological station 
6162 Vantage PRO2 Plus, Davis Instruments. For the later tests, radiation was taken from nearby 
Meteorological stations available online [10].     
The temperature was measured simultaneously at 7 different locations, depicted in Figure 3. The 
equipment used to sensor and record the temperatures was a Data Acquisition System DAQ 1208LS 
coupled with a Laptop and temperature sensors LM35. 
 
Fig. 3. Temperature Sensors Location. 
The tests started in the mornings and finished at evenings. The only external input to the system was 
the solar irradiation; water circulation was achieved exclusively by the thermo-syphon effect. Since the 
test was carried out outdoor with not controlled, irradiation variation was inevitable due to the presence of 
few occasionally clouds. The presented results are those with fewer clouds presence. 
Except for the instant efficiency, the rest of the presented results are direct measurements from the 
equipment (temperature sensors and meteorological station). In order to calculate the Instant Efficiency, 
the temperature data from sensor 1 was approximated with a Polynomial curve fitting. From there, the 
rate of change of the temperature was computed with a derivative, and finally the Instant Efficiency was 
computed with:  
IA
dt
dTVC

 K   (1)  
where “η” is the efficiency, “C” the heat capacity of water, V the Volume of water, “T” the 
temperature, “t” the time, “A” the collecting area, and “I” the irradiance.  
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3. Results 
Two basic criteria are presented in this study. The pressure-drop across the domain was numerically 
compared for a Parallel Tubes Collector, and for few versions of the DSIC using the same scale or size 
and boundary conditions. Following, the performance was revised experimentally on a scaled prototype 
by measuring the temperature at different locations simultaneously. 
3.1. Pressure Drop Test 
Most of the solar water heaters in the country use the thermo-siphon effect to circulate the water. 
Therefore, the pressure-drop across the collector is an important parameter which impacts the overall 
performance of the device. The test consists in forcing a flow through the collector, and measure the 
pressure difference between the inlet and the outlet. Collectors are tested in the laboratory for this test 
with different mass flow rates ranging from 0 to 3.7 kg/min [11]. For this simulation, a mass flow of 
2.9kg/min, and a laminar flow with steady state analysis was used. Three geometries are presented, a 
commercial Parallel Tubes Collector, and two former versions of the DSIC. Figure 4 depicts the pressure 
distribution over the collectors. The parallel tubes show a normal distribution while the two DSIC 
versions demonstrate two island of high pressure which is not desirable (and already solved in the newer 
DSIC versions). Such pressure distributions on the DSIC v64.1 and DSICv108.3 collectors induce non-
homogeneous flow throughout the collector. Table 1 summarizes the results of the 3 examples. 
The three collectors show a very low pressure drop from an absolute reference, nonetheless the DSIC 
versions demonstrate a clear improvement over the Parallel Tubes concept from 77.9 Pa up to 23.8 Pa. 
Table 1. Pressure drop comparison between different Direct Solar Irradiation Collector (DSIC) Numerical Simulation 
Collector Size Boundary Conditions Pressure Drop 
Parallel Tubes 1x2m 
Tube (main) Diam: 22mm 
Tube (secondary) Diam: 8mm 
Inlet: 2.9 Kg/min 
Outlet Pressure: 0Pa 
77.9 Pa 
DSIC v64.1 1.2x2.4m Inlet: 2.9 Kg/min 
Outlet Pressure: 0 Pa 
28.6 Pa 
DSIC v108.3 1.2x2.4m Inlet Flow: 2.9 Kg/min 
Outlet Pressure: 0Pa 
23.8 Pa 
 
 
Fig 4. Pressure drop numerical simulation. (a)  Parallel  Tubes Collector; (b) DSIC v64.1 Collector; (c) DSIC v108.3 Collector 
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3.2. Performance Test with 20.2 litters. 
During the test held on October 2, 2012, the radiation was measured locally with the equipment 
described above and sky was mostly clear. The highest irradiation recorded was 1079 W/m2 at 14:35 hrs 
(local time). For clarity, only 4 temperature sensors, out of the 7 measured, are showed. Sensor 0 was 
located at the outlet of the thermo-tank (bottom part), and sensor 1 at the top of it (right at the inlet). 
Sensors 3 and 5 were located at the bottom, and top part from the collector respectively.  Figure 5 shows 
the details of the tests. At the beginning of the test, it can be seen that the water is already warm inside the 
thermo-tank (sensors 0 and 1), and colder outside the thermo-tank (sensors 3 and 5).  
Afterwards, the water inside the thermo-tank continues the same trend that had at night (getting 
colder), and the water in the collector start to heat-up rapidly. For the thermo-siphon effect to get started, 
it was necessary that the water inside the collector gets higher than the water inside the thermo-tank. 
Therefore, it can be seen at the beginning of the test that no circulation was present. When the 
temperature inside the collector reached the temperature at the thermo-tank, it took a bit longer to star the 
thermo-siphon effect. This can be due to two things, a slight mismatch between the temperature sensor 
(mounted on the material and not on the water) and also due to some inertial resistant in order to start full 
circulation from rest.  
 
From 9:18 am, it can be observed a slight increment of temperature on sensor 0 (bottom part of 
thermo-tank). This coincides with the equalizing of temperature of the collector and bottom of thermo-
tank. The temperature on the collector continues to grow until 10:23am. This can be interpreted as the 
circulation was high enough.  
From approximately 10:35 a.m. it can be said that the initial effects ended and the test is stable to start 
efficiency measurements. The instant efficiency can be also seen on Figure 5. As expected, the beginning 
of the test provides the highest efficiency values, and they star to drop as the temperature start to increase. 
That is, the higher the temperature, the larger the energy losses.  The largest efficiency recorded 
corresponds to 91% at the initial time 10:35 a.m. Afterwards and due to the poor isolation on the thermo-
tank, the efficiency starts to drop rapidly and even some negative values are reported. The losses recorded 
during the night were on the order of 10°C when on a commercial tank might be way smaller [12, 13]. 
Additionally, no insulation was used on the collector during this test. This is why, when the temperature 
gets the 50°C the losses are almost as large as the energy in, and when the radiation continues to drop, the 
energy from the sun is smaller than the energy losses from the thermo-tank. At around 4:25pm the 
efficiency starts getting negative values.  
3.3. Performance Test with 1.4lt (High Temperature) 
The test on April 11th 2013 aimed to evaluate the material performance at high temperatures when 
thermal expansion effects might get important. Instead using an oven, same outdoor test was conducted 
this time with only 1.4 lt. The results were outstanding. The materials supported the expansion with no 
fractures and no bending or visible softening on the material was observed. The water boiled in just 1.25 
hrs. of exposure at the sun. The maximum efficiency as expected occurred at the beginning of the test and 
was 92.5%. The maximum temperature recorded was 95°C from sensor 5 (it is important to remember tha 
boiling water at this altitude occurs at about 94°C and then, no higher temperatures are possible with 
liquid water). Nevertheless, a large amount of bubbles was visible due to water boiling. It can be 
understood from those two temperatures that a short temperature gradient is present along the collector 
thickness. The bottom of the collector is colder than the upper zone, due to the thermo-siphon effect that 
occurs in its interior. On Figure 6, it can be clearly seen that sensor 3 is colder than the rest for a given 
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time. Additionally it can be seen than sensor 5 is hotter than sensor 1 and 6, this is due to sensor 1 and 6 
are closer to the outlet and then, heat losses are higher there. When the water reaches 50°C at the bottom 
of the collector, which is a decent temperature for commercial water heaters in Mexico, the efficiency 
was 64% (using sensor 3). Alternatively when sensor 5 (at the top) is used to measure the same 50°C, 
such a temperature is reached earlier, and then the corresponding efficiency is 88%. 
 
       
 Figura 5: Test October 2nd, 2012. No insulation on collector, and poor insulation on the thermo-tank, local radiation 
measurements. Water Volume 20.2lt 
       
Figura 6: Test April 12, 2013. Small insulation on collector no thermo-tank. Water Volume 1.4 lt.  
 
3.4. Performance Test with 12.9lt (real conditions) 
The test on June 5th, 2013 aimed to evaluate the normal operation of the solar water heater. It uses a 
ratio between collecting area and volume of water that is equal to that used in some commercial Solar 
Water Heaters. It was operated this time with 12.9 lt. The sky was mostly clear, and then no major 
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irruptions are seen on the solar irradiation curve. The same sensor location as described in Figure 7 is 
used. The maximum efficiency was 89.6% and was reached as usually at the beginning of the test. The 
initial values at the beginning of the efficiency curve might be ignored since do not offer a real behavior 
and obey probably to initial destabilization before it get quasi-stable conditions. Afterwards getting its 
maximum, the efficiency started to fall down as the temperature raises, by the time the water reached the 
50°C, the efficiency reported an instant value of 60%. Later on, the efficiency continues decreasing as the 
temperature increases. The efficiency reaches even negative values, which means, the actual energy-in, is 
smaller than the energy-out. Such a phenomena is possible when the water is already hot, heat losses are 
large, and current irradiation is lower than earlier. Sensor “1” was used to compute the efficiency because 
it was inside the water at the entrance of the thermo-tank. That is, it is effectively measuring water 
heated-up available at the thermo-tank. The maximum temperature reached on sensor 1 was 60° C. The 
poor isolation and handcraft construction of the thermo-tank prevented the whole device from reaching 
higher temperatures.  It is expected to be able to reach slightly higher temperatures when working with a 
commercial thermo-tank.  
   
Figura 7: Test June 5, 2013. Medium insulation on collector, and thermo-tank. Water Volume 12.9 lt. 
 
4. Conclusions 
The pressure drop across the collector has been improved by a factor 3 which is a large difference. It 
facilitates the circulation within the collector and improves the efficiency of the system. The maximum 
efficiencies reached by the Direct Solar Irradiation Collector, around 90% are considerable higher when 
compared to the maximum efficiencies from commercial collectors (evacuated tubes and parallel tubes) 
which most of them report maximum efficiency values on the range of 66-77%. Nevertheless, the 
efficiency showed a rapid fall down when temperatures of 60°C were reached. The rapid drop of the 
efficiency can be attained to a poor isolation on the thermo-tank, and fittings, and moderate isolation on 
the collector. Due to the scalability, the isolation on the collector was neither thick nor hermetic. The 
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isolation on the thermo-tank, was not properly managed either. The current aim of the development is 
only the collector, and then, all the R&D work has been done on the collector, and not on the thermo-
tank. The thermo-tank was improvised to conduct these tests and evidently is not working properly. The 
isolation on the bottom part of the thermo-tank was null, and the upper part was poor and not sealed.   It is 
also believe that a moderate amount of heat was lost through the fittings, since they were not properly 
covered. It is reasonable to believe that the efficiency curve can be improved by improving the isolation 
of the whole device.  
 
The solar irradiation measured right on site by us, and that measured from the Water State 
Commission which is about 2 km away reflect some slight differences. However we believe is a fair 
approximation since the efficiencies gotten in all the tests are very similar.  
Performance in a laboratory with controlled variables is expected to be even better, since sometimes 
some clouds were present preventing a full time irradiation, and also being a very windy region, most of 
the time we had much air which increment considerable the heat losses. 
One of the concerns with the polymers is that it has lower mechanical properties than metals. 
Nevertheless, the design demonstrated an excellent resistance when pressure test was performed, and also 
withstand the high temperature test, which is very aggressive and no likely to be present often. Within a 
normal operation, the solar water heater is expected to oscillate daily between the 18-60°C and no higher. 
The maximum temperature test demonstrated the DSIC design is robust enough to face the most 
aggressive situation that could be present. The other great concern with polymers is the resistance to UV. 
In Mexico most of the water tanks are already made out of polymers and located at the ceiling with 
operating life larger than 20 years. It is achieved by adding UV protection additives to the polymer. 
The test with 20.2 lt reported no very high temperatures (on the order of 50°C) because the ration 
between collected area and volume of water was above the standard. However the test with 12.9lt 
reported good high temperatures on the order of 60°C.  
Some collectors for pool applications might report max efficiency values on the same order than those 
achieved by the DSIC collector, but are able only to heat up only about 10°C above ambient temperature. 
With slight modifications, it would be possible for the DSIC to attend this other marked needs.  
The design of the DSIC demonstrated that its design allow to effectively heat the water for domestic 
use with non-conductive materials such as polymers. An economic analysis indicate that the DSIC water 
heater provides considerable savings or around 50% with respect to other commercial water heaters by 
replacing more expensive materials such as cooper, aluminum, glass, with less expensive materials such 
as polymers, and by simplifying the manufacturing process (one step welding).  
Overall, it can be said that it is economically viable to achieve water heating for domestic use and 
similar application with a polymer water heater such as the DSIC. 
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